A primary goal of igneous petrology is to understand the temperature range of crystallization for large intrusive bodies. Well-preserved layered intrusions, with their more or less stratigraphic mineral and compositional evolution, offer both a challenge and an opportunity to understand their thermometry. The challenge comes in a petrographic understanding of the appropriate rocks to study; the opportunity arises in the evolution of the intrinsic stratigraphic diversity. Whereas the crystallization temperatures of the troctolitic Lower Zone of the Kiglapait intrusion were determined experimentally in our laboratory at the liquidus of successively more evolved compositions, the temperatures of the Upper Zone are now determined at the solidus of adcumulate rocks. Ideal adcumulates have no zoning in plagioclase and so must have crystallized isothermally by rejection of interstitial solute to the main magma. The solidus thermometry of rock powders at pressure avoids any prospect of metastability. Here the solidus temperature was found in a piston-cylinder apparatus at 5 kbar. Melting experiments were made on rock powders held for 2 h or more in graphite capsules. Melt volumes were estimated visually in reflected light and by SEM, and scaled against temperature to determine the solidus at zero melt. The previously determined Lower Zone temperature limit and the first of the new Upper Zone determinations are the same at 1200 C, 5 kbar. The new results for temperature, plotted against stratigraphic progress, form a concave-up curve to a flat end point at 1010 C, 5 kbar, and 1000 C referred to 3 kbar. The entire magmatic history of the intrusion spans 250 C over a pressure gradient of 5Á2-2Á8 kbar and a duration of near 1 Myr of crystallization.
INTRODUCTION
The retrieval of thermal information from large bodies of intrusive igneous rocks is a major goal of igneous petrology and one of the most elusive. In layered intrusions in which a stratigraphic progression of layers can be identified, it is often possible to show that in general the upper rocks have more evolved mineral compositions than those sampled at lower levels. In many intrusions this tendency is well documented, with noise resulting either from the primary deposition of more or less evolved feldspars, or from the effects of trapped liquid. Plagioclase feldspars are especially useful as monitors of temperature because in dry systems they tend not to re-equilibrate with the liquid (e.g. Morse, 1984 Morse, , 2013a .
Most efforts at thermometry of layered rocks reported in the literature have involved liquidus determinations, often followed by examining more evolved compositions made by holding samples at cooler temperatures. Such attempts tend to encounter problems with equilibration that are unresolved (e.g. Morse, 2010 Morse, , 2013b . Operating only at the liquidus has produced satisfactory results for the Kiglapait Lower Zone (Morse et al., 2004) by making up successive candidates for liquid compositions using mixtures of the natural Kiglapait minerals to trace the path of cotectic equilibrium. A continuation of such a program into the Upper Zone would encounter severe problems from having to mix many phases of varying natural composition in the right proportion, itself elusive because of the temporary 'overproduction' in the intrusion of modal augite and magnetite (Morse, 1969 (Morse, , 1979b .
Instead, in this work we report finding the solidus temperature, the beginning of melting, of natural rock samples that contain minimal amounts of trapped liquid. These samples are identified by their small range of plagioclase compositions, tending toward perfect adcumulates. If a deep-seated, coarse-grained rock contains unzoned plagioclase of a single composition, it must have crystallized isothermally by solute rejection (given the impossibility of dry diffusion cited above). Therefore the temperature of the beginning of melting of such a cumulate has the same value as at the end of crystallization . Here we report the results of such an investigation on 11 natural rocks from the Kiglapait Upper Zone and, to overlap with prior results, on two rocks from the Lower Zone from stratigraphic levels below where the crystallization of significant amounts of augite began. This approach works because there are plentiful adcumulate rock samples with low residual porosity (Morse, 2012) . In addition, the procedure used involved very fine grinding of the samples in mullite, so that the surface energy of the material is quickly released upon melting and involves all phases present. Further protection against any trapped liquid effect is gained by the practice of comparing samples with varying amounts of melt and then extrapolating to zero melt so that the influence of all phases dominates the outcome.
Working at the solidus has experimental advantages: there can be no concern for metastability or reversal of the equilibrium and the result is quantifiable. In practice, the finely ground powders melt (if at all) in a few minutes, and when held for a minimum of 2 h, the textures have coarsened enough to give reliable results in microscopy or SEM studies.
GEOLOGICAL SETTING OF THE KIGLAPAIT INTRUSION
The 1Á3 Gyr old Kiglapait layered intrusion is located on the north coast of Labrador (Fig. 1) , miraculously preserved among slightly older troctolitic bodies of the Nain Plutonic Suite (Ryan, 1990) . Most of the igneous bodies in this suite are anorthosites, generally with pale hypersthene (noritic) varieties to the west, and darker olivine (troctolitic) varieties to the east (Xue & Morse, 1993; Morse, 2015) . The intrusion is oval, about 32 km long north to south and 26 km wide west to east (Fig. 2) . Its topography is dominated by a chain of sharppeaked, 1 km high mountains rising from the sea to the north (the Kiglapait Mountains) and from Medusa Bay to the south (Mt Thoresby). The Inuit word 'kiglapait' has reference to saw-tooth or sharp-tooth, as in sharks. Why these mountains occur within a relatively homogeneous troctolite of the Lower Zone (Fig. 2) is still a mystery to us.
The territory of this intrusion was heavily glaciated during the last glacial maximum, with the result that the exposures are excellent where not overgrown with moss, and the entire bowl within the mountains shows convergent layers of troctolite, olivine gabbro, titanomagnetite gabbro, fluorapatite, ferromonzonite and ferrosyenite, culminating at the base of an Upper Border Zone that contains the entire stratigraphy of the Layered Series upside down, from the most Mg-rich olivine to pure fayalite at the sandwich horizon (Fig. 2) . The map in Fig. 2 shows the well-preserved contact rocks of two metamorphic suites at the NW; these have been used to infer the pressure of intrusion at the present erosion level as $2Á8 kbar (Berg & Docka, 1983) .
The intrusion is composed of an Inner Border Zone of coarse but quenched olivine gabbro, followed upward by a very thick Lower Zone of troctolite, successively overlain by olivine gabbro (incoming cumulus augite marking the base of the Upper Zone), followed by the succession noted above. Three major sampling traverses are located on the map: Sally Lake (SL) to the north, David-Billy (DB) in the center, and Caplin-Patsy (CP) in the south on the almost continuous exposures along Port Manvers Run.
The entire intrusion was mapped and sectioned according to observed dips of layering in 13 sectors to yield cross-sections to a floor 8Á6 km below sea level (Morse, 1969 (Morse, , 2015 . Accounting for erosion, the present-day volume of the intrusion is estimated at 1870 km 3 , with an original volume of 3530 km 3 (Morse, 1969) . From the 13 sectors, the original volume was filled in three-dimensional segments by interpolation to give contours for each decade of volume, leading to a volume scale for the solidified rocks. The accumulation progress of the entire intrusion is then given by a Morse (1979a) , and selected place names. The arrows in the west sector illustrate the shallow dips of the central axis that constrain the amount of sagging from the original configuration. The PCS contours refer to 'per cent solidified' as calculated from dips and volumes generated by Morse (1969). volumetric measure of the per cent of the total thickness that has just been crystallized: the so-called per cent solidified (PCS) scale.
PCS contours are shown in part in Fig. 2 , and for the entire intrusion in the original Memoir (Morse, 1969) . Gravity studies (Stephenson & Thomas, 1979) confirm the volume and mass of the intrusion, except in the southern half where the emplacement by stoping of the younger Manvers granite has removed much of the original underlying troctolitic sequence.
A stratigraphic column (Fig. 3) shows the evolution of the magma as indicated by the accumulated crystals. The log scale is required to show the evolution of the decreasing areal extent of Upper Zone rocks where a small-volume increment of crystalline deposits may be recorded by many hundreds or dozens of meters of rock thickness.
Most of the cumulate rocks examined in the field and thin section are found to be adcumulates, with many counter-examples of meso-and ortho-cumulates. There is a quantitative measure of trapped liquid volume (residual porosity) given by the variation of plagioclase grain compositions (the An range) in crushed and separated rocks. The results (e.g. Morse, 2012) show a remarkably high range at the lowest stratigraphic levels, assumed and verified to be due mostly to leading-edge fractionated magma injections, accompanied by frequent accelerations of deposition leading to locally excessive volumes of trapped liquid. Most of the Lower Zone above $30 PCS shows decreasing residual porosity from 5 to 0% and below, with a new peak just beyond the Upper Zone boundary, attributed to the excessive precipitation of augite and titanomagnetite.
(Negative values of residual porosity are remnants of an unfiltered regression in which no correction has been applied in the interests of preserving the dataset.) The residual porosity declines to zero at 99 PCS and thereafter rises to as high as 35% at the end of crystallization, assumed to be the result of the inferred influence of buoyant feldspar networks in the residual liquid.
Magmatic pressure
The pressure history of the crystallizing Kiglapait magma is an important consideration in the experimental investigation of the intrusion history. We take the sanidinite-facies contact estimate of 2Á8 kbar (Berg & Docka, 1983) as appropriate to the current exposure level at the top of the Upper Border Zone and generally round it to 3 kbar. Using the modified PREM table of Stacey & Davis (2009) for crustal pressures we find a value for the original Kiglapait roof at 9Á6 km depth (Morse, 2014) . For an original magma depth of 8400 m (Morse, 1969) we find the model initial pressure to be $5 kbar. Just above the Upper Zone boundary the pressure is 3Á6 kbar at a magma depth of 3000 m, and the end of crystallization occurs at 2Á8 (now rounded to 3) kbar, the point begun at.
For experimental purposes with the piston-cylinder apparatus, we use a standard pressure of 5 kbar because any lower pressure increases the risk of leakage in the pressure system. This protocol was used for a previous study of the Lower Zone (Morse et al., 2004) . For the study of Upper Zone thermal history we continue to work at 5 kbar, but devise a correction factor to 3 kbar by making duplicate experiments at 7 kbar and then subtracting the same correction factor to P ¼ 3 kbar; this procedure is described in more detail below.
METHOD OF WORKING
This contribution is a novel application of experimental geothermometry to the crystallization history of a small portion of a large magmatic body. Working at the solidus is a method unfamiliar to most students of rocks, including these authors. The solidus yields an either-or proposition. Either the charge began to melt or it did not. It is helpful to know that melt volumes of only a few (1-2) per cent are detectable in reflected light microscopy of quenched samples. It is imperative to know that it is impossible to superheat a finely ground mixture of rock powder, as with melting in general (Ubbelohde, 1965) . Therefore, such interesting issues of liquidus petrology as supercooling do not apply here. Melt compositions are not of interest: only their existence need be known to establish a solidus temperature.
We consider only the catastrophic history of melting in the present context. The rock sample is crushed and then ground in a mullite mortar with a mullite pestle under acetone, for 3-5 min. The result is a very fine powder of crystals a few tens of microns in average diameter. This is heated to 120 C overnight in a closed furnace to drive off any water. Some of the resulting powder is tamped into a 1 mm diameter, 3 mm deep hole in graphite, mounted, pressured, heated, quenched after 2 h, extracted, placed in epoxy under vacuum, cured overnight, ground, and polished for examination with a 16 mm objective in reflected light. The unmelted powder has an enormous surface energy. At the first instant of melting, that energy is reduced greatly. A thin film of melt is made at every grain contact, effectively erasing the previous contact energy, and the melt is stable until it is quenched to a glass.
The composition of the glass is of no interest. Only its existence is relevant. Thus the principle of working at the solidus is vastly different from familiar liquidus studies, in which the product composition, degree of melting, and phase equilibrium are of paramount importance.
Of course, if the exercise concerned only a small temperature range, success would be exceedingly difficult. Our experimental protocol has emphasized the precision of temperature correction by means of careful measurements of the post-mortem relative positions of thermocouple and sample. We report a temperature variation of 160 C within the Upper Zone, and obtain a practical error near 65 C. The rocks used in these experiments are mostly chosen for their known scarcity of trapped liquid represented by residual porosity. However, the beginning of melting would inevitably involve any such amounts of a trapped liquid fraction that did occur, so we need to be sure that our results are not affected by this. This is done in two ways. The first is the initial crushing of the sample under acetone to a very fine powder. This practice ensures that all phases present are in contact with the first melt. The second is that estimated melt volumes are available for many temperatures and, although rough, they serve as a basis for extrapolation back to zero melt. Examples of this procedure can be found in the individual interpretations of results listed in Table S2 of the Supplementary Data (supplementary data are available for downloading at http://www.pet rology.oxfordjournals.org).
In this study we trace the Kiglapait liquidus ¼ solidus from just before the cumulus arrival of augite to the end of crystallization. The oxygen fugacity of the intrusion lies between the fayalite-magnetite-quartz (FMQ) and wü stite-magnetite (WM) buffers in the Upper Zone (Morse, 1980 (Morse, , 2015 .28), but our experimental environment with graphite crucibles is estimated to be between the WM and iron-wü stite (IW) buffers, and is hence more reduced than in the natural system. However, we have no evidence that any systematic error in melting temperature arises from the difference.
The silica activity of the intrusion rises from about 0Á6 at 94 PCS to $0Á98 at the end of crystallization (e.g. Morse, 2015) . We would expect that our samples by themselves would reflect the natural increase in the intrusion, and have no expectation of any systematic errors of temperature in the working method.
The quench rate of our procedure was described by Morse et al. (2004) for the somewhat hotter Lower Zone as T(experimental) to 300 C in 20 s.
Pressure correction to 3 kbar
Our pressure correction from 5 kbar experimental to 3 kbar natural in the Upper Zone was made by raising the experimental temperature on a sample to 7 kbar and then applying the same absolute correction to the change from 5 to 3 kbar. The pressure effect on liquidus temperatures is not a straight line but, for all the principal end-members of mafic igneous rocks, a curve that is satisfied by a second-order polynomial (Morse, 1994 , with Simon equations newly converted to polynomials). In the case of albite, which dominates the pressure variation of the Kiglapait Upper Zone rocks, the variation from 3 to 7 kbar can be represented by a straight line that deviates a maximum of 2 C from the polynomial. For this reason, and lacking a more sophisticated development for natural rock compositions, the effect of pressure on solidus temperatures for our experiments (7-5 kbar and 5-3 kbar) is taken as linear.
Characterization of the samples studied
A list of the 13 samples studied is given (Table 1) in stratigraphic order. Each sample is characterized by its traverse identity (see the map, Fig. 2 ), stratigraphic PCS value, the derived fraction of liquid remaining related to the PCS, the mean An content, and the An range. The last value is an inverse measure of the trapped liquid fraction, more formally described as the residual porosity (Morse, 1979b) , hence describing the degree to which the rock is taken to resemble a perfect adcumulate. In practice, any value 4% is likely to represent a small or negligible volume of trapped liquid. The uppermost rocks of the intrusion represented by samples 4077 and 4078 contain quantities of oligoclase, presumed to represent feldspar frameworks (Philpotts et al., 1999) floated up from below, along with terminal mesoperthites and perthites of low An, so they have an artificially enlarged An range. But that is of no consequence, as these last rocks to crystallize have the lowest melting point of the entire Kiglapait system, which is the target we seek by means of the beginning of melting.
Bulk compositions of the studied samples are characterized in terms of the ternary augite-feldspar-olivine þ hypersthene in Fig. 4 . The oxygen norm protocol used here is that of Morse et al. (2004) , in which augite is defined at Wo40 instead of Wo50 in the pyroxene quadrilateral, and a small portion of the hypersthene in augite is allotted to olivine to make OLHY. This protocol has been explained in detail, along with the redox treatment, in Appendix A of Morse et al. (2004) . Five of the chosen samples have not been analyzed and their modes are shown instead.
As shown in Fig. 4 , most of the samples selected are somewhat richer in feldspar than the equilibrium cotectic found in the Morse et al. (2004) experiments, but the more evolved ones do tend to cluster near the triple point. There is no requirement to study samples near the cotectic condition, inasmuch as the solidus melt must be saturated with all phases present. The array shows the progressive increase in augite from scarce in some troctolites to fully saturated in olivine gabbros. Sample 4 at 91 PCS is very mafic, lying in the upward modal trend of both augite and magnetite (Morse, 1979b) .
The mineralogy of these samples is perhaps best appreciated in the plane-polarized light photomicrographs of Fig. 5 . The scarcity of zoning is shown only by images viewed in crossed polars (Supplementary Data Fig. S1 ).
EXPERIMENTAL PROTOCOL Sample treatment
The whole-rock samples, in amounts of $100 mg, were ground under acetone in a mullite pestle with a mullite mortar, dried overnight at 120 C, and stored in a dehumidifier. No attempt was made to reach further dehydration in view of the known low water content of the rocks (Huntington, 1979) . However, a Fourier transform infrared (FTIR) examination was kindly made by Professor S. J. Seaman on Run No. KI UZT-6, glasses 2 (50% melt) and 3 (88% melt). No water was detected in either glass (the detection limit is estimated at $10 ppm H 2 O). Unsurprisingly for a graphite container, a small amount of CO 2 was detected in glass 2.
Finely ground Kiglapait rock samples were loaded three at a time in graphite with alumina spacers, surrounded by a graphite furnace, and salt sleeves as described by Morse et al. (2004) . They were heated in a piston-cylinder apparatus (Supplementary Data Fig. S2 ) with piston-in run-up and temperatures controlled to $1 C, generally for 2 h, then quenched by turning off the power to the furnace. Samples were meticulously extracted from the assembly while all component lengths of the assembly were measured with a caliper to define the locations of the thermocouple and the sample with respect to the centerline of the assembly, which is the center of the hotspot. The samples in their graphite cylinder were then embedded in epoxy and held under vacuum overnight. The cured 1 inch disks were ground by hand on silicon carbide sheets until the sample showed, and its surface location was again measured by caliper. The disk was then polished in a succession of diamond grits to 1 mm in a Struers automatic polisher. This procedure removed only a very small depth of sample. In some cases the sample was ground further to inspect the sample at greater depth, depending on its distance from the hotspot, with the intent of having the thermocouple and sample straddling the centerline at similar distances. The relative distances were marked on a version of Fig. 6 to determine the temperature correction as related to the difference from the hotspot of both the sample and thermocouple. After optical microscopic observation in reflected light with a 16Â objective lens and interpretation, and in many cases also with SEM, the sample was closed in a small plastic box and kept in a dehumidifier.
Temperature corrections
Each experiment with graphite capsules in the pistoncylinder apparatus is subject to uncertainty in temperature because the thermocouple and sample lie at some distance from each other and from the hotspot center of the furnace. In our protocol the graphite capsule has a graphite lid and is encased within a fired pyrophyllite cup with a fired pyrophyllite lid, all encased in a graphite furnace within a salt sleeve (Supplementary Data Fig. S2 ). This array means that the two lids, graphite and pyrophyllite, lie between the thermocouple and the sample, leaving a nominal separation of $3 mm at the ambient pressure of loading. The presumed temperature maximum lies at the centerline of the array, and the sample and thermocouple are intended to bracket the centerline at equal distances from it. By determination, the hot zone in our protocol closely resembles that of fig. 12 of Watson et al. (2002) so we use copies of that figure in our temperature calibrations (Fig. 6 ).
During the experiment using brass base plugs, the thermocouple forces its way some distance in toward the sample. The post-run protocol includes meticulous measurements of the entire furnace length and especially the distances between thermocouple, sample, and centerline. The sample itself is contained in a hole drilled $2 mm deep in the graphite capsule, and some of it is abraded away in the epoxy mount during polishing. The spacers below and above the sample array are machined to length for every experiment and the pre-run stack is made to a constant length and centerline. It is expected to be compressed to a similar degree in every experiment.
For the study of melting temperatures in the Kiglapait Upper Zone the measured locations of thermocouple (TC), centerline (C L ), and sample (SPL) surface after grinding were plotted as in Fig. 6 here. The TC-SPL distance was commonly <3 mm and the offset from the centerline was commonly unequal; for example, 1 mm TC-C L and 1Á7 mm C L -SPL. The temperature follows a curve with a centerline intercept at zero displacement. The thermocouple is displaced some distance upward from the centerline, and the sample surface is displaced some distance downward from the centerline. The intersection of either with the thermal curve gives the nominal temperature for that feature.
For zero error (equal distances from the centerline) the sample and the thermocouple have the same temperature and there is no correction. For unevenly displaced positions the intersection of the thermocouple with the curve gives one temperature and that of the sample another temperature, and the difference is the correction factor. It is read from the temperature scale marked at 5 C intervals. For one set of experiments identified as UZ 2-16, corrections ranged from -25 C in experiment UZ2 and -23 in UZ3 to -8 or -9 in other examples, as plotted in Fig. 7 . Figure 7b shows that the corrections are more likely to be negative than positive, and are smaller at lower nominal temperatures.
In the aggregate of the experimental results the nominal precision of the temperature is taken as 65 C. Some of the determinations suggested at least double that uncertainty, but in review with reference to various measures of melt content, the uncertainty lessened and the nominal precision appears to be appropriate.
SEM examples of different melt fractions
Primary interpretation of the experimental charges was made in reflected light using a 16Â objective, as described above. Important features of the optical examination can be appreciated by examining four illustrations obtained by SEM with backscattered electron imaging (BEI) (Fig. 8) . The white blobs are Fe-Ti oxide minerals, commonly present at low melt fractions but disappearing at high melt fractions >60%. Bright BEI outlines occur instantly on feldspars when melting has begun, furnishing a critical indicator of melt at low The samples are displayed according to increasing stratigraphic height, given as PCS units. In 4004 only plagioclase and olivine occur in this troctolite. In 4008, Fe-Ti oxide minerals occur locally in troctolite. In 3355 at 99 PCS the olivine is brown and locally rimmed by ferroaugite, and the cumulus augite is heavily exsolved with Fe-Ti oxide lamellae. Augite occurs with minor oxide minerals and locally has rims of red oxybiotite. Needle-shaped crystals of apatite are characteristic. In 4077, the end of crystallization, the texture shows an approach to a quench, with fine-scale, rounded mafic minerals among mesoperthites and oligoclase. melt fractions. In this study, visual estimates of melt fraction were helpful in estimating the temperature of zero melt by extrapolation. The fact that each experiment had three samples of varying solidus temperature also helped in bracketing the solidus of each one. Further instrumentation to measure melt fraction was not warranted, being far more time-consuming than needed within a 65% bracket. Routine use of SEM as a calibration exercise was performed in the '99' series (see Supplementary Data Table S1 ).
Calibration with opaque minerals
For Upper Zone samples it was soon observed that the presence and abundance of opaque Fe-Ti oxide minerals was a direct clue to the presence of melt. Without melt, samples typically showed 8-10% oxides by visual estimate. In this study an assembly of all 35 visual estimates of the amount of Fe-Ti oxide minerals (hereafter 'oxides') in the polished experimental charge was plotted against visual estimates of glass percentage (Fig. 9) . Oxide minerals in these polished charges are bright white in reflected light and tend to occur in large patches. The amount of glass is visually estimated in reflected light as described above and as confirmed by SEM examination. With 4-50% melt there were 3-7% oxides, and <1% oxide at 60% melt. The rough correlation of % glass with % oxides yielded the relation % glass ¼ -7(% oxides) þ 58 (Fig. 9) . Obviously, the silicate melt absorbed the oxide mineral component, doing so completely by $60% melt. This quantification allows determination of the solidus temperature by extrapolation to zero glass.
Ragged sulfide patches become immiscible sulfide globules within small amounts of melt. Bright BEI outlines on feldspar crystals are developed from solute rejection of dense melt at the feldspar boundary, but are absent in the absence of melt, hence there is a robust criterion for the beginning of melting in these samples.
Strategy
All experiments were carried out at 5 kbar except for a set at 7 kbar to find the pressure effect on the melting point of chemically evolved samples bearing Fe-Ti oxide minerals and apatite. For the thermal study it was deemed sufficient and convenient to describe the Lower Zone at the studied pressure of 5 kbar (Morse et al., 2004) and to correct the Upper Zone determinations to a constant pressure of 3 kbar using a correction of -5 C kbar -1 as determined. The samples studied here are listed in Table 1 with their petrographic descriptions and thermal results. The traverse identifications refer to those named on the map of Fig. 2 . Locations of the sample numbers have been given by Morse (1979a) , where PCS units and log units are also discussed. Compositions in An and Fo are given in mole fractions Â 100. Norms are given in 
Useful correlations
The critical information needed in a review of the experimental results is knowledge of temperature and the amount of melt (glass) in each bulk composition of the experiment. The amount of glass correlates linearly with temperature. Where experiments disagree or are scarce, it is helpful to have proxy evidence related to crystallinity and temperature. Two proxies were used here, one related to the amount of melt and one related to temperature. Glass (i.e. melt) contents were estimated visually using reflected light microscopy. If a suite with different amounts of melt exists, the data can be correlated to find the fictive value of melt ¼ 0, which is the solidus condition. Given enough information, the amount of melt (glass) can also be correlated directly with temperature, leading to a useful temperature correction.
In one set of three experiments the temperature effect on glass content yielded the relation DT ( C) ¼ -0Á5 (% glass). This relation was used when possible to reduce observed temperatures to 0% glass (the solidus temperature), yielding a mean temperature with an estimated error.
SOLIDUS DETERMINATIONS IN SUITES
Determinations of the solidus were made in groups of three bulk compositions placed in drill holes in a graphite capsule for a selected range of the stratigraphic interval defined as volume per cent solidified (PCS) in the intrusion. Each group, or suite, is now discussed in its own stratigraphic context, with the results reported in Supplementary Data Tables S1 and S2.
Suite 80Á6-85Á8 PCS
Experiments connecting the Upper Zone solidus temperatures with those in the Lower Zone were made on two compositions from 80Á6 and 82 PCS in the Lower Zone and one sample at 85Á8 PCS in the Upper Zone. Fig. 8 . Four SEM images showing increasing amounts of melt, from near 5% in sample 2.3 to 92% in sample 3.3. Noteworthy features are the white Fe-Ti oxide minerals, the zoning in some silicate glasses, and the bright BEI outlines on plagioclase (black) against melt. The labels refer to the experiment numbers that are listed in Supplementary Data Table S1 .
Studies at four corrected temperatures in the range 1166-1198 C yielded 5 kbar estimates of 1200 and 1175 C for the Lower Zone at 80Á6 and 82 PCS, respectively, and 1168 C for the Upper Zone sample at 85Á8 PCS. Further details are given in Supplementary Data Table S1 .
Two of these estimates, at 80Á6 and 85Á8 PCS (Table 1) , are considered to be near the upper limits for the Kiglapait solidus at these stratigraphic levels. The uppermost temperature, 1200 C at 80Á6 PCS near the top of the Lower Zone, is the same as that determined at the liquidus for the LZ-UZ boundary by Morse et al. (2004) and as illustrated with more data by Morse (2013a) . However, the point for KI 4008 at 82 PCS, 1175 C (Table 1) involves the small amount of intercumulus Ti-magnetite shown in Fig. 5 , and therefore must be considered a minimum temperature limit because the working assumption of a perfect adcumulate is broken here. The temperature actually refers to a cotectic between magnetite and troctolite. No formal correction has been applied in the final result, but the correct temperature must lie somewhere between 1175 and 1200 C (Table 1) .
Suite 91-96 PCS
In a suite of three samples from the region 91-96 PCS (samples KI 3342, 4144, and 4145) there were eight experiments with corrected temperatures from 1120 to 1000 C. For sample KI 3342 a lower bound of 0% glass at 1119 C and 10% glass at 1127 C gave a best estimate for the solidus at 1120 C. For sample KI 4144 a list of five values of % glass gave five corrected temperatures from 1100 to 1137 C with a mean of 1114 C, rounded to 1115 C. Finally, for sample KI 4145, three experiments gave a result for temperature of -0Á5 C for every 1% glass, with a mean corrected temperature of 1100 C. The data for this group of experiments suggest very small formal deviations, but can perhaps be assigned a nominal error of 65 C. This is the suite that yielded the correlation of % glass with temperature described above.
Suite 99 PCS at 5 kbar
This suite consisted of two samples for solidus determination, KI 3006 at 98Á8 PCS and KI 3355 at 99Á0 PCS, and one monitor sample for liquidus determination, KI 4079 at 99Á9 PCS (listed last in Table 1 ). The purpose of the last was to have a robust range of melt (glass) contents for comparison with the solidus determinations. The two solidus samples were treated thermally as one because of their stratigraphic proximity. This suite was studied early in the research period and the temperature corrections by hotspot analysis were introduced only in experiment 10. A retrospective study of this suite was enhanced by reference to the inverse relation between melt content and oxide mineral percentage. Retrospective corrections were applied to experiments 1-8 based on the oxide abundances. Visual interpretation was followed up by SEM observations in all cases. Sample KI 3006 gave the most robust series of glass contents and was used as proxy for KI 3355 without detectable difference. Experiment 9 failed and was discarded.
Unequivocal results were obtained in experiment 10 (20% glass and T ¼ 1065 C with zero hotspot correction), experiment 8 (0% glass and T ¼ 1060 C, again without correction), and experiment 2 (1% glass, 8% oxides, nominal T ¼ 1070 corrected to 1062 C based on the monitor). The plot of temperatures on % glass with five robust independent estimates then furnished a vehicle for three further adjustments (-5, þ15 , and þ 4 degrees) to give a result of T ¼ 0Á4 Â (% glass) þ 1060Á5 C, R 2 ¼ 0Á97, an intercept taken as 1061 6 2 C at 5 kbar.
Suite 99 PCS at 7 kbar
Experiments KI 99P 11-16 were made at 7 kbar with the same samples as those at 5 kbar to determine the pressure effect on Upper Zone temperatures. As before, oxide minerals and sulfide globules were used as indicators of melt along with visual and SEM observations. Four critical experiments that are not invalidated by any others of the group are experiments 12, 13, 15, and 16 at 1093, 1085, 1075, and 1070 C respectively, defining an intercept of 1070 C with R 2 ¼ 0Á99. The formal error is moot, but 61 C is permitted. Therefore, we have 1070 C at 7 kbar and 1061 C at 5 kbar and a pressure effect that can safely be rounded to 5 C kbar -1 .
Suite 99Á9 PCS
Samples KI 3260, 3122, and 4080 at 99Á83, 99Á9, and 99Á92 PCS, respectively, were taken to be from the same stratigraphic level and they were studied in experiments UZT 9 and 10. In UZT 10 at a corrected temperature of 1009 C no melting was found. In UZT 9 at a corrected temperature of 1035 C the estimates of glass were 40, 25, and 30%. When ground further to 1040 C Fig. 9 . Correlation between estimated volumes of Fe-Ti oxide minerals and estimated per cent glass in 35 experiments (some points are double). The visual estimates were made using reflected light microscopy with a 16Â objective and binocular view. The uncertainty in per cent oxide minerals is estimated at 62%.
the glass estimates were 43, 20, and 49, respectively. When temperatures were adjusted according to the glass estimates at -0Á5 C per 1% glass, the average was 1020 6 5 C, which is the estimate for this suite.
Suite 99Á99 PCS
The end of crystallization was studied with two samples, KI 4077 and KI 4078. These are not perfect adcumulates in terms of the An range (Table 1) , largely because they contain oligoclase of presumed exotic origin, which either floated from below or represents a ubiquitous matrix of feldspar networks at high stratigraphic levels. They also contain perthite. Nevertheless, the solidus of these samples is taken to be a valid measure of the end of crystallization, which is the desired goal. The two samples were run together along with an intended monitor, KI 4080, that did not prove to be especially useful. Five good results were attained for KI 4077 and four for KI 4078. The melt fractions for KI 4078 were slightly higher (and the oxide contents lower) than for KI 4077, so sample 4078 has the lower solidus. However, the difference is not statistically significant in the correlation diagrams of melt fraction plotted against temperature. When the two samples are grouped together they form an array of melt fraction versus temperature with a 5 kbar solidus at 1009 6 5 C, n ¼ 8, rounded to 1010 C (Fig. 10) . The Mg-free mineralogy of these two samples makes them form a true eutectic.
COMBINED RESULTS
As described above, the pressure within the Kiglapait magma chamber is inferred to have varied from $5 kbar at the base of the Lower Zone to $3Á6 kbar at the base of the Upper Zone at 84 PCS (Morse, 2014) . For convenience here the Lower Zone pressure gradient is ignored and the pressure in the Upper Zone is taken as 3 kbar. Accordingly, and with regard to the 7 kbar experimental results cited above, we subtract 10 C from all the 5 kbar Upper Zone temperatures to represent the equivalent 3 kbar temperature.
Temperature varies inversely with the mole fraction of Mg in the liquid (Fig. 11) . The variation is steep at first, then approximates a shelf at about 95 PCS ($1100 C). The shelf ends near 98 PCS and the Mgnumber drops quickly to zero at an indicated temperature of 1000 C. The final thermal results for the intrusion are shown in Fig. 12 . The sharp drop in the liquidus temperature just after 80 PCS occurs in a rock, KI 4008, that contains a small amount of Fe-Ti oxide minerals as described above at Suite 80þ (Fig. 5) . The amount of the temperature drop is about 23 C, and it is partly due to the presence of the new phase in the cumulate. The An range is only 3 mol % An (Table 1) , as in sample 4004, so the amount of trapped liquid is small, but the new phase has a cotectic effect that is evident in the temperature drop.
By 91 PCS, both opaque minerals and augite are at their saturation point (Table 1) and by this time the magma temperature has dropped by about 50 C and is well along on the Upper Zone trend. This sample temperature is the only one that falls out of contact with the curve described by the polynomial in Fig. 12 .
COMMENTARY
Throughout this study we have implicitly treated the solidus as a proxy for the liquidus of adcumulate rocks. We know that this is clearly not the case for sample KI 4008, in which the observed interstitial magnetite causes the solidus to be lower than the liquidus. At the end of crystallization in samples KI 4077 and KI 4078, there is an apparent range of temperature of at least 60 C (Fig. 10) to the liquidus, most or all of which can be ascribed to the presence of oligoclase either floated in as feldspar networks in the melt (Philpotts et al., 1999) or as sub-solidus exsolution phases. However, the solidus condition is the only one in which we can be absolutely sure that all crystal phases are in equilibrium with melt. At any higher temperature, the phase count is a function of accidental modal abundance, and it would require much more experimentation of questionable value to find the true liquidus at which all possible crystalline phases were simultaneously saturated in the melt. We should add to that our practical constraint of pressure to 5 kbar, when we can be sure that a somewhat different modal composition would find equilibrium with melt at 3 kbar or another pressure. The rocks themselves tell us that all five crystalline phases listed in Table 1 plus biotite (170 ppm) and sulfides (4145 ppm) were at equilibrium with liquid at the end of crystallization [the ppm values are from Morse (1979b) ]. The proxy of solidus temperatures in adcumulates is a lower limit of the liquidus, but perhaps adequate for the purpose. table 7 of Morse (1981) . The middle three symbols approximate to an isothermal shelf near X Mg ¼ 0Á23-0Á10, corresponding to 95-98 PCS with abundant mafic minerals.
CONCLUSIONS
The long crystallization history from troctolite to ferrosyenite displayed in a continuum of outcropping layers renders the Kiglapait intrusion a unique example of extreme troctolitic fractionation. No other intrusion to our knowledge has such an unbroken and extensive record of compositional and therefore potential thermal information. The final temperature of syenite crystallization estimated at 1000 C at 3 kbar is near the inferred maximum sanidinite-facies temperature (950 C) of the NW contact of the intrusion with metasedimentary rocks (Morse, 2015) and is presumably applicable to the original contact aureole as a whole, including the 9Á6 km thick roof now represented as a fragment in the Upper Border Zone. The thermal history since emplacement evidently spans 250 C over a pressure gradient of 5Á2 to 2Á8 kbar. The time scale is probably less than the 1 Myr heat-transfer estimate of Morse (1979a) where the temperature range was taken to be 290 C because the wall-rock temperature was assumed to be 350 C rather than the currently accepted 500 C (Berg & Docka, 1983) . The end of crystallization represents an isothermal shelf where the Mgfree mafic minerals ferrohedenbergite, fayalite, and magnetite occur with feldspars and apatite at an isothermal invariant point, a true eutectic. That this eutectic involves a considerable An content (Table 1) reflects the 'plagioclase effect' of Bowen (1945) , who recognized that no Ca-poor feldspar would form from a Ca-bearing liquid.
